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An integrated process which generates energy by the combustion 
of methane in a pure oxygen atmosphere, and produces 
commercially important cyclic carbonates from the waste carbon 
dioxide generated during the combustion has been developed. 
Atmospheric carbon dioxide levels have been rising since the 10 
start of the industrial revolution due to the generation of 
energy by the combustion of fossil fuels.1,2 There is now 
widespread international agreement that this rise in 
atmospheric carbon dioxide levels is linked to global warming 
and the associated climate changes.3 As a result, targets are 15 
being set for reductions in national greenhouse gas (including 
carbon dioxide) emissions. A major challenge facing the 
scientific community in the coming decades will be how to 
maintain energy production from fossil fuels whilst meeting 
these targets for reduced carbon dioxide emissions. In 20 
addition, fossil fuels are a non-renewable resource and current 
projections are that world-wide production of oil and gas will 
peak before 2020.4 Whilst coal will (in principle) be able to 
meet global energy needs for another 200 years,5 the 
chemicals industry is almost entirely reliant on crude oil as its 25 
basic raw material.6 Therefore, over the next two to three 
decades the chemicals industry needs to be completely 
redesigned around renewable resources in a way that does not 
impinge on food production. 
 A number of ways of implementing carbon capture are 30 
being considered including pre-combustion capture, oxyfuel 
combustion and post-combustion capture.  At present, the 
only large scale option being considered for dealing with the 
captured carbon dioxide is some form of long-term storage. 
However, carbon storage is likely to be a very energy 35 
intensive process, which will require 20-30% of the electrical 
output of the power station to operate.7 In principle, an 
attractive alternative would be to convert the carbon dioxide 
produced by such a power station into a commercially 
important bulk chemical needed by the chemicals 40 
industry.1,2,7,8 This, if employed in an integrated process, 
would avoid the costs associated with carbon capture and 
storage, generate revenue and provide an alternative feedstock 
for the chemicals industry. However, there is no precedent for 
such integration. In this article we present a proof of concept 45 
model, showing that it is possible to generate both energy and 
chemicals in an integrated process. 
 Oxyfuel combustion is an attractive way of implementing 
carbon capture for combustion processes9 as combustion takes 
place in the absence of nitrogen, increasing the mole fraction 50 
of combustion products and avoiding the possibility of NOx 
formation.  The carbon dioxide stream pressure will be close 
to atmospheric pressure because of expansion through the gas 
turbines, so high carbon dioxide mole fractions are 
particularly important for downstream carbon dioxide 55 
conversion processes to increase reaction rates. In a general 
sense, the avoidance of NOx formation will also be beneficial 
to avoid poisoning of any catalysts used in a carbon dioxide 
conversion process. Conventional oxyfuel combustion 
requires oxygen production through cryogenic air separation 60 
leading to decreased overall efficiency because of the energy 
required for gas separation. Membrane-based selective gas 
transfer systems however, do not require independent air 
separation, so membrane-based oxyfuel combustion is 
potentially economically advantageous10,11 particularly if high 65 
operating temperatures can still be employed in the combustor 
to increase the efficiency of high temperature steam 
production. 
 The membranes used in this study are mixed ionic and 
electronic conducting (MIEC) mixed metal oxides of the 70 
perovskite structure and with the general formula ABO3, with 
A representing a group II or lanthanide element and B a 
transition metal.  Under an oxygen activity difference, such a 
membrane can theoretically supply pure oxygen to the fuel 
side of the membrane as a result of the oxygen ion and 75 
electron conductivity.  Temperatures must be high enough that 
the oxygen ion and electron conductivities result in a 
sufficiently large oxygen flux.  Very high selectivities are 
reached as a result of the solid state diffusional mechanism 
whereby oxygen ions are the only ions with a significant 80 
mobility within the membrane.  Clearly, any fuel is now 
oxidised in pure oxygen (oxycombustion) meaning that the 
combustion products are not mixed with nitrogen and the 
formation of NOx within the combustion product mixture is 
avoided. 85 
 When considering the utilization of carbon dioxide, it must 
be acknowledged that those transformations of carbon dioxide 
which involve its reduction to a lower oxidation state are 
intrinsically endothermic and hence thermodynamically 
unfavourable. However, there are a number of reactions of 90 
carbon dioxide which do not change its oxidation state and 
many of these are exothermic.1,2,7,8 One reaction which is 
currently attracting considerable interest is the reaction 
between carbon dioxide and an epoxide leading to the 
synthesis of cyclic carbonates (Scheme 1).12,13,14 Cyclic 95 
carbonates, especially ethylene and propylene carbonate 
(Scheme 1, R=H,Me respectively) have applications 
including: degreasing agents, electrolytes, solvents, chemical 
intermediates and polymerization monomers15 and have been 
produced commercially for over 50 years.16 In particular, 100 
ethylene carbonate can be converted into dimethyl carbonate; 
demand for dimethyl carbonate could exceed 30 Mtonne per 
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annum if the cost of its production could be reduced to allow 
its use as an oxygenating additive and anti-knocking agent in 
petrol.7,17 The production of ethylene carbonate on a 
30Mtonne scale would consume 15 Mtonne per annum of 
carbon dioxide which is 2.5% of the current UK emissions. 5 
Dimethyl carbonate is 53% oxygen by mass, whilst currently 
used oxygenating agents such as bioethanol (35%) and methyl 
tert-butyl ether (18%) contain much less oxygen. Therefore, 
less dimethyl carbonate is required to achieve the same 
oxygenating effect, resulting in an increase in fuel efficiency 10 
of about 1% compared to ethanol or methyl tert-butyl ether. 
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Scheme 1 Synthesis of carbonates from CO2 
 The reaction between an epoxide and carbon dioxide does 
not occur spontaneously, and requires a catalyst.13,14,18 The 15 
catalysts currently used for the commercial production of 
cyclic carbonates require the use of temperatures in excess of 
150 oC and high pressures of carbon dioxide.16,18 Therefore, 
these processes are net generators of carbon dioxide as more 
carbon dioxide is produced in generating the required energy 20 
than is consumed by the cyclic carbonate synthesis.13,19,20 
However, we have reported21,22 the development of a 
bimetallic aluminium(salen) complex 1 which in the presence 
of tetrabutylammonium bromide (TBAB) as a cocatalyst will 
catalyse the reaction between a range of terminal epoxides and 25 
carbon dioxide at temperatures of 20-100 oC (compatible with 
utilisation of waste heat from the power plant) and at one 
atmosphere pressure (compatible with operation on a stream 
expanded through a low pressure gas turbine), thus turning the 
chemistry shown in Scheme 1 into one which truly consumes 30 
carbon dioxide and can be integrated with combustion 
combustion processes. The cost of preparing the catalyst is 
£170/Kg based on 2009 chemical catalogue prices for 
laboratory scale chemicals. Bulk prices are likely to be an 
order of magnitude lower. The synthesis of the catalyst is a 35 
four step procedure which can be completed in two working 
days. In this work, we have demonstrated that by combining 
membrane-based oxycombustion of methane with cyclic 
carbonate formation it is possible to generate energy and 
chemicals in an integrated process. 40 
 
Figure 1 Diagrammatical representation of the integrated energy and 
cyclic carbonate production system 
 Figure 1 gives a diagrammatic representation of the 
envisaged integrated system. Methane is supplied to the inside 45 
of the cylindrical MIEC membranes whilst air is supplied to 
the outside. For this work, the methane was used as a 5% 
mixture in helium for reasons of safety. In addition dilution is 
a reasonable approach as oxyfuel combustion processes 
require a diluent, often recycled combustion gases, to avoid 50 
the excessive adiabatic temperature rises associated with 
combustion in oxygen (the situation in a membrane system is 
somewhat more complicated as nitrogen is still fed to the 
system and heat transfer between the combustion gases and 
the nitrogen will lessen the requirement for a diluent). The 55 
oxycombustion reactor, in which both air separation and 
combustion take place, was held at 900 oC in order to achieve 
a reasonable oxygen flux (even higher operating temperatures 
would be desirable in order to increase turbine efficiencies). 
The gases produced by the oxycombustion reactor were 60 
analysed by on-line GC analysis which showed that under 
these operating conditions, complete combustion of methane 
to CO2 occurred and in particular that there was no detectable 
residual methane present, no CO and no ethane (it should be 
noted that some leakage does occur due to imperfect sealing 65 
and microcracks; in this work such leak rates were typically 
0.03 µmoles s-1 compared to a typical oxygen flux of 2 
µmoles s-1).  In a practical implementation of membrane-
based oxyfuel combustion the air separation unit may be 
separate from the combustor to allow the units to be operated 70 
at different temperature (high combustor operating 
temperatures are required to achieve high efficiency); 
appropriate heat integration would be used to maintain the 
temperature of the membrane unit. 
 Once the oxycombustion reactor had reached a steady state 75 
of operation, the output was fed into the second reactor 
module where cyclic carbonate formation occurred. For this 
proof of concept study, a simple interface was used between 
the two reactor modules in which the effluent gases were 
cooled and condensed water was separated. The remaining 80 
mixture containing 5% CO2 along with helium and residual 
water was simply fed at a flow rate of 12.1-12.9 mL (STP) 
min-1 into a semi-batch reactor (gas-phase in continuous flow, 
liquid as a batch) containing catalyst 1 (1.25 mol%), TBAB 
(1.25 mol%) and a terminal epoxide. The liquid phase was 85 
mixed using a stirrer bar.  The gas-liquid interfacial area was 
approximately 1 cm2.  Formation of cyclic carbonate was 
monitored by in situ FTIR and the composition of the 
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unreacted gases was again monitored by GC.  
 Glycidol (Scheme 1, R = CH2OH) was chosen as the initial 
test substrate as the epoixide and carbonate are both non-
volatile and so do not interfere with the GC analysis of the gas 
stream. In addition, glycerol carbonate is growing in 5 
importance as a ‘green’ chemical and solvent and is now 
commercially available on a large scale.15 However, other 
epoxides could also be used (see supplementary information). 
Whilst this experimental set-up was appropriate for a 
laboratory scale demonstration due to rapid cooling of the 10 
CO2 effluent stream from the oxycombustion reactor, a 
commercial system would aim to produce ethylene or 
propylene carbonate in a gas phase continuous flow reactor.23 
 Figure 2 shows the formation of the cyclic carbonate from 
glycidol as monitored by the in situ FTIR system. Initially, 15 
10.8 mmol of the epoxide were present in the reactor.  
Complete conversion of the epoxide to cyclic carbonate 
occurred in just over 5000 minutes (purity of product 
confirmed by 1H NMR analysis of the reaction mixture) and 
10.8 mmol of glycidol carbonate were isolated. The rate of 20 
CO2 consumption was measured (see Figure 3) and integrating 
the area under the curve the total CO2 consumed is seen to be 
10 mmol ± 3 mmol (the sudden apparent drops in CO2 
consumption are due to an instability in the membrane system 
which results in periodic increases in oxygen flow and hence a 25 
dilution effect11). This value is in good agreement with the 
amount of glycidol consumed and product formed and there is 
no evidence that a significant fraction of the CO2 was 
removed from the gas stream by absorption (without reaction) 
into the liquid phase. 30 
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Figure 2 Epoxide consumption using effluent CO2 with glycidol as 
substrate at 26 oC. 
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Figure 3 CO2 consumption using effluent CO2 (initially constituting 5% 
of the total gas volume) with glycidol as substrate at 26 oC. 
 The average reaction rate can be estimated to be of the 
order of 10-5 mol cm-2 min-1.  A large power plant (e.g. Drax 
in the UK) might emit of the order of 20 Mtonnes of CO2 per 40 
annum (equivalent to around 40 tonnes per minute or 106 
moles CO2 per minute).  This means that an area of the order 
of 1011 cm2 (107 m2) would be required to remove the CO2.  
Membrane contactors can be used to obtain gas-liquid 
interfacial areas up to 105 m2 m-3 24 meaning that the CO2 45 
could be removed with 102 m3 of reactor volume. This is not 
an unreasonable volume given the scale of power plants. 
 In conclusion, we have demonstrated a proof of concept 
model of a combined energy and chemicals production plant 
in which the CO2 produced by the combustion process was 50 
directly utilized in chemicals production. The catalyst used for 
cyclic carbonate synthesis was shown to be compatible with 
the moisture and trace levels of NOx (due to nitrogen leakage 
across the membrane) present in the CO2 gas stream. The 
overall process for this transformation is shown in Scheme 2. 55 
Such integrated energy and chemical production processes if 
implemented could lead to significant reductions in carbon 
dioxide emissions. 
CH4 + 2O2 CO2 + H2O
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Scheme 2 Synthesis of cyclic carbonates from methane and epoxides.
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Broad context 25 
Atmospheric carbon dioxide levels have been rising since the 
start of the industrial revolution due to the combustion of 
fossil fuels and resulting in global warming and associated 
climate changes. In addition, fossil fuels are a non-renewable 
resource and current projections are that world-wide 30 
production of oil and gas will peak before 2020. Major 
challenges for the coming decades will be how to maintain 
energy production from fossil fuels whilst avoiding carbon 
dioxide emissions and the redesign of the chemicals industry 
around renewable resources. In principle, an attractive 35 
solution to these problems would be to convert the carbon 
dioxide into a commercially important chemical needed by the 
chemicals industry. This, if employed in an integrated 
process, would avoid the costs associated with carbon capture 
and storage, generate revenue and provide an alternative 40 
feedstock for the chemicals industry. In this article we present 
a proof of concept model, showing that it is possible to 
generate both energy and chemicals in an integrated process. 
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An integrated process for the production of energy and cyclic carbonates 50 
from methane, epoxides and air is described. 
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Details of chemicals and equipment 
 Commercially available chemicals (Alfa, Aldrich, Fluka) were used as received except that 
styrene oxide was freshly distilled prior to use. Glassware was dried in an oven overnight prior to 
use. Catalyst 1 was prepared as previously reportedS1 and it and tetrabutylammonium bromide were 
dried on a vacuum line at ca 50 oC for four hours prior to use. In situ IR spectra were recorded using 
a Varian 800 FT-IR Scimitar series spectrometer fitted with a diamond tipped ATR (3 reflections) 
immersion probe. Spectra were scanned between 650 and 950 cm–1 with 80 scans being used to 
obtain each time point every 5.5 minutes. Gas chromatography was performed using a Varian 3900 
equipped with a thermal conductivity detector (TCD) and MolSieve 5A and HaysepQ columns with 
series bypass capability, helium was used as the carrier gas and analysis carried out under 
isothermal conditions at 90 oC. GCMS was performed on a Varian CP-800-SATURN-2200 
equipped with a FactorFour (VF-5 ms) capillary column (30 m x 0.25 mm). Helium was used as the 
carrier gas and analysis of cyclic carbonates was carried out under the following conditions: initial 
temperature 60 oC, hold at initial temperature for 3 minutes, then ramp rate 15 oC min-1 to 270 oC; 
hold at final temperature for 5 minutes. EI-MS method: filament mute-delay hold for 3.50 minutes 
then operative in EI full scan. Data for epichlorohydrin to chloromethylethylene carbonate: TR 5.01 
min (epichlorohydrin), TR 8.74 min (chloromethylethylene carbonate). Data for decane oxide to 
decane carbonate: TR 8.99 min (decane oxide), TR 13.38 min (decane carbonate). Data for styrene 
oxide to styrene carbonate: TR 7.33 min (styrene oxide), TR 12.09 min (styrene carbonate). Glycidol 
to glycerol carbonate was confirmed by 1HNMR (300 MHz) due to the low volatility of glycerol 
carbonate. 
 
Experimental procedure for the oxy-combustion module 
The oxy-combustion of methane (5% in helium) was carried out in a reactor module 
composed of four gas-tight hollow fibre La0.6Sr0.4Co0.2Fe0.8O3-δ perovskite-type mixed ionic 
electronic conducting (MIEC) membranes.S2 The membrane dimensions were; outer diameter 0.15 
cm, inner diameter 0.1 cm and overall length of 20 cm.  The central section within the heating zone 
of the furnace gave an active surface area of around 7.5 cm2.  The methane was flowed through the 
centre void (lumen) of the membranes and oxygen from the air crossed the membrane through 
solid-state transport to react in the lumen.  Complete combustion occurred at 900 oC and provided 
an effluent gas composed of 5.0% CO2 (on average) at a flow rate of 12.1-12.9 mL (STP) min-1. 
This effluent gas was allowed to cool to room temperature and condensed water was removed. The 
residual gas was then passed into a reactor for cyclic carbonate synthesis (Figure 1). The reactor 
was placed in a thermostatically controlled bath (26 oC) and the contents stirred magnetically. 
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Length 15 cm  
External diameter 3 cm  
Volume 40 mL (empty) 
Volume with in situ FTIR probe 15 mL 
 
Synthesis of glycidol carbonate from glycidol 
Glycidol (0.800 g, 10 mmol), catalyst 1 (0.155 g, 1.25 mol%) and TBAB (0.045 g, 1.25 
mol%) were added to the reactor which was equipped with a magnetic stirrer bar and then 
connected to the oxy-combustion module which supplied 5.0% CO2 (on average) at an average flow 
rate of 12.6 mL (STP) min-1. The reactor was placed into a thermostatted bath at 26 oC and fitted 
with the in situ FTIR probe via the central B24 connector. The side taps were connected to the CO2 
stream and to the exhaust respectively. The exhaust was connected to the GC system. The reaction 
was monitored every 12 minutes for the first 60 minutes, then every 120 minutes by GC, and every 
5.5 minutes by FTIR. Cyclic carbonate formation occurred as shown below. Cyclic carbonate 
synthesis was complete after between and 5300-5400 minutes, during which time approximately 
9±3 mmol of CO2 was consumed (in good agreement with the number of moles of reactant 
consumed).  
0
10
20
30
40
50
60
70
80
90
100
0 1000 2000 3000 4000 5000
%
 
ep
ox
id
e 
re
m
ai
n
in
g
Time (min)
 
4 
 
Glycidol consumption monitored by FTIR. 
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CO2 consumption monitored by GC. 
 
Synthesis of chloromethylethylene carbonate from epichlorohydrin 
Epichorohydrin (0.805 g, 8 mmol), catalyst 1 (0.126 g, 1.25 mol%) and TBAB (0.035 g, 
1.25 mol%) were added to the reactor which was equipped with a magnetic stirrer bar and then 
connected to the outlet of the oxy-combustion process which supplied 5.0% CO2 (on average) at an 
average flow rate of 12.8 mL (STP) min-1. The reactor was placed into a thermostatted bath at 26 oC 
and fitted with the in situ FTIR probe via the central B24 connector. The side taps were connected 
to the CO2 stream and to the exhaust respectively. The exhaust was connected to the GC system. 
The reaction was monitored every 12 minutes for the first 60 minutes, then every 120 minutes by 
GC, and every 5.5 minutes by FTIR. Cyclic carbonate formation occurred as shown below. Cyclic 
carbonate synthesis was tending to completion after 1500-1600 minutes, during which time 
approximately 4±3 mmol of CO2 were consumed (this figure is slightly lower than would be 
expected from the starting number of moles of epichlorohydrin but given the level of uncertainty in 
the intergration of the CO2 flow with time should not be a cause for concern). 
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Epichlorohydrin consumption monitored by FTIR. 
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Synthesis of decane carbonate from decane oxide 
Decane oxide (0.804 g, 5 mmol), catalyst 1 (0.076 g, 1.25 mol%) and TBAB (0.019 g, 1.25 
mol%) were added to the reactor which was equipped with a magnetic stirrer bar and then 
connected to the oxy-combustion which supplied 5.0% CO2 (on average) at an average flow rate of 
12.9 mL (STP) min-1. The reactor was placed into a thermostatted bath at 26 oC and fitted with the 
in situ FTIR probe via the central B24 connector. The side taps were connected to the CO2 stream 
and to the exhaust respectively. The exhaust was connected to the GC system. The reaction was 
monitored every 12 minutes for the first 60 minutes, then after 120 minutes, 180 minutes and every 
240 minutes from 1320 minutes to 2760 minutes by GC, and every 5.5 minutes by FTIR. Cyclic 
carbonate formation occurred as shown below. Cyclic carbonate synthesis was complete after 5700-
5800 minutes,. During the 2760 minutes in which the reaction was monitored by GC, approximately 
60% of the epoxide was converted into cyclic carbonate (i.e. 3 mmol of reactant consumed) and 
approximately 6±3 mmol of CO2 consumed. 
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Decane oxide consumption monitored by FTIR. 
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Synthesis of styrene carbonate from styrene oxide 
Styrene oxide (0.796 g, 7 mmol), catalyst 1 (0.097 g, 1.25 mol%) and TBAB (0.028 g, 1.25 
mol%) were added to the reactor which was equipped with a magnetic stirrer bar and then 
connected to the oxy-combustion which supplied 5.0% CO2 (on average) at an average flow rate of 
12.1 mL (STP) min-1. The reactor was placed into a thermostatted bath at 26 oC and fitted with the 
in situ FTIR probe via the central B24 connector. The side taps were connected to the CO2 stream 
and to the exhaust respectively. The exhaust was connected to the GC system. The reaction was 
monitored every 12 minutes for the first 60 minutes, then every 120 minutes until 1620 minutes by 
GC, and every 5.5 minutes by FTIR. Cyclic carbonate formation occurred as shown below. Cyclic 
carbonate synthesis was complete after 4200-4300 minutes. During the 2369 minutes in which the 
reaction was monitored by GC, 75% of the epoxide (5.3 mmol) was converted into cyclic carbonate 
and approximately 7.5±5 mmol of CO2 were consumed. 
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No data recorded after 2369 min due to instrument failure 
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